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Introduction
Frequency conversion in nonlinear crystals has been used for a long time to convert laser radiation to shorter wavelengths that is difficult, or impossible to generate directly with existing laser systems. In fact the shortest wavelengths of continuous wave (cw) radiation are generated in this way. The limit for this method is set by the phase matching and transparency range of available nonlinear crystals. Among the known crystals β -barium borate BaB 2 O 4 (BBO) is transparent down to 185 nm while it can be phase matched for frequency doubling (SHG) to about 205 nm. Other crystals like lithium triborate LiB 3 O 5 (LBO) are transparent to even shorter wavelengths (160 nm) but the phase matching cut-off for SHG occurs at a longer wavelength than for BBO. Sum frequency generation can be used for both crystals to reach the transparency cut-off. While previous authors have used this strategy with ps [1, 2, 3] and fs [4, 5] pulses, the required temporal and spatial overlap of two different color pulses adds further complications that may compromise performance, particularly when one desires the enhancement provided by a resonant optical cavity. This seems to be unnecessary if one is interested in wavelengths above the shortest phase matchable for SHG, which is 205 nm in BBO. This is the subject of this work.
A pulsed laser system at this wavelength will be useful for 2-photon excitation of the 1S − 3S transition in atomic hydrogen [6, 7] . An improved value of this transition frequency can be used to further test quantum electrodynamics and to reduce the uncertainty of the Rydberg constant [8] . So far the use of cw lasers for spectroscopy of this transition has been plagued by unwanted nonlinearities, such as photo refractivity, that sets in preferably at shorter wavelengths. A cw laser system for 205 nm that has been used by G. Hagel and co-workers [9] , developed a strong counter propagating wave at 410 nm within the last doubling cavity in a very short time after locking. Unfortunately this effect has thus far limited the operation to a scanning or pulsed mode of operation. The resulting 4 μs pulses are subject to periodic Doppler shifts arising from the forward and backward motion of the cavity mirror, which yields a double-peaked 1S − 3S line shape. Due to nonlinear frequency chirps caused by an intensity dependence of the refractive index of BBO (thermal and Kerr-effect), the average of the two apparent lines does not necessarily agree with the unshifted transition frequency.
While there are other schemes to generate cw 205 nm light that avoid UV enhancement cavities [10] , a mode locked pulsed laser might also provide a solution to this problem. Typically nonlinear frequency conversions are very efficient in the ps regime because large peak intensities can be exploited while phase matching bandwidth limitations are not a serious issue. This relaxes the requirements on the enhancement cavity quality. In addition, nonlinear frequency chirps are stationary in a stationary pulse train and should not shift the observed transition frequency in subsequent spectroscopy, although they may reduce the excitation rate. In the frequency domain such a pulse train is described by a frequency comb [11] and a frequency chirp imposed on the pulses is expressed by a phase change of the modes rather than by a frequency change of these modes. Strictly speaking, the non-linear process discussed here is mostly sum frequency generation among the laser modes explaining why the repetition rate is not doubled along with the carrier frequency. Nevertheless we are referring to it as second harmonic generation (SHG).
Using a frequency comb for high resolution 2-photon spectroscopy the modes add pair wise to the energy difference between the ground and excited levels as pointed out by E.V. Baklanov and co-workers a long time ago [12] . Ideally the full set of modes contribute to the excitation rate while the width of an individual mode sets the laser line width. Thus, for 2-photon spectroscopy, a frequency comb can therefore be entirely equivalent to cw excitation [13, 14, 15] .
Experimental set up
Our frequency quadrupling system starts with 1.6 W of 820 nm from a mode-locked Ti:sapphire laser (Spectra Physics, Tsunami) with a repetition rate of 82 MHz that is pumped by a frequency doubled Nd:vanadate laser (Coherent, Verdi V10). Its pulse duration was determined with a background-free auto correlation (Femtoscope, MC2) to τ ω = 1.3 ps. Using an optical spectrum analyzer (Ando, AQ-6315A) we find that the spectrum is best described by a sech 2 function with a bandwidth of Δν ω = 0.24 THz indicating a time bandwidth product at the Fourier limited of 0.315.
As shown in Fig. 1 we stabilize this laser to an external reference cavity that is well isolated from acoustics and temperature variations. The required error signal is generated with the Pound-Drever-Hall method [16] while feeding back on a piezo driven folding mirror of the laser. The spectral width of the laser is sufficiently narrow to operate this servo system exactly as in the cw case when the free spectral range of the reference cavity and the pulse repetition rate are at a (small) integer ratio (1:10 in our case). An acousto-optic modulator allows for tuning the laser relative to the reference cavity. Its moderate finesse (≈ 300) allows to additionally lock the repetition rate of the laser to a precise radio frequency reference without impairing the first lock. The built in Gires-Tournois interferometer, which is used to adjust the round trip group delay, can be utilized for this purpose. In this way this laser is frequency stabilized for high resolution spectroscopy [14] .
For the first frequency doubling stage (820 nm → 410 nm), both LBO and BBO are suitable as they have good transparency and resistance to damage at high average power. While BBO has a 2.6-times larger nonlinear coefficient, we instead choose LBO because of its lower dispersion and smaller walk-off angle (δ LBO = 15.6 mrad versus δ BBO = 66.8 mrad). This provides a longer interaction length for better spatial mode profile of the second harmonic. The 10 mm long crystal is Brewster cut with θ = 90 • and φ = 29.6 • for type I phase matching. It is placed in an aluminum mount which is attached to a Peltier element to heat the crystal to 45 • C. Even though the temperature of the aluminum mount is measured (sensor AD590) and controlled within 0.1 • C we don't have access to the temperature profile inside the crystal. As shown in Fig. 1 the crystal is placed in a 6 mirror cavity that is arranged to allow full folding angles of ϕ = 16 • on the curved mirrors in order to compensate astigmatism [17] . The two focusing mirrors have a radius of curvature of r=200 mm, so that an almost spherical beam waist radius of w 0 = 28 μm is obtained. This is somewhat below the optimum focusing condition [18] but helps to limit unwanted nonlinearities. In any case, the single pass conversion efficiency is large enough that the process is conversion loss dominated. In this case, the overall efficiency is independent of the single pass conversion efficiency, provided the proper impedance matching is worked out by picking the correct input coupler transmission. Experimentally we find that a 75 % reflectivity at 820 nm is close to optimum at the given power level of the driving laser, which means that the single pass conversion is around 25%. The remaining mirrors are high reflective at 820 nm (R > 99.9 %). The cavity is locked to resonate with the modes of the laser by using the polarization method [19] and feeding back on a piezo-mounted plane folding mirror. Despite Fresnel losses of 20 % for the s-polarized 2nd harmonic at the crystals end facet we obtain 600 mW average power (38 % conversion efficiency) at 410 nm through one of the curved mirrors (T > 90 %) uninterrupted for hours. We are aware of three nonlinear crystals that can be used for the second doubling stage: BBO, KBe 2 BO 3 F 2 (KBBF) [20] and Sr 2 Be 2 B 2 O 7 (SBBO) [21] . The nonlinear coefficient for KBBF is d eff (KBBF) = 0.36 pm/V [22] and is comparable to the coefficient of BBO d eff (BBO) = 0.35 pm/V. SBBO should have a comparable or even larger nonlinear coefficient than KBBF [21] . However both KBBF and SBBO are not commercially available, which leaves BBO (Type I: 410 nm (o) → 205 nm (e)) as the only present option for us. The phase matching angle for SHG at 205 nm in BBO of θ BBO = 86.4 • is unfavorably close to the cut off. We cool the crystal down to -10 • C which shifts the phase matching angle by about 1 • and increases the effective nonlinearity to d eff (BBO) = 0.35 pm/V as compared to d eff (BBO) = 0.31 pm/V at room temperature. Even lower temperatures have been used to further enhance the efficiency [23] . In our set up the BBO crystal is held in a copper mount which is attached to a thermoelectric cooler to servo control its temperature in the same way as the LBO crystal. To prevent condensation and convection we use 32 mm tubes oriented along the laser that are purged with a steady flow of dry oxygen away from the crystal housing.
The 410 nm enhancement cavity is very similar to the first doubling cavity except that the curved mirrors have a radius of curvature of r = 175 mm arranged such that they give a 17 μm beam waist in the crystal. We find the optimum configuration for the 205 nm light employs an input coupler with 93 % reflectivity, all the other mirrors highly reflective at 410 nm (R > 99 %) and a 5 mm long Brewster-cut BBO crystal. Fresnel losses at the crystals end face amount to 23 %. Nevertheless we extract up to 70 mW of average power at 205 nm through one of the focusing mirrors (T > 95%) albeit for a short period of time only (see below).
Results and discussions
There are several effects that can change the pulse duration upon second harmonic generation. For perfect phase matching of all wavelength components and a small input signal, the temporal pulse envelope is simply squared which gives rise to a temporal pulse narrowing by √ 2 for Gaussian pulses and by a factor of 1.45 for sech 2 pulses, without introducing a frequency chirp. However in a real crystal, phase matching can not be achieved for all wavelengths simultaneously so that the second harmonic spectrum I 2 (Ω) is modified. In the plane wave limit we have [24] :
Here the spectrum of the fundamental wave is given by I 1 (Ω) with the detuning from the carrier frequency Ω for which we can always adjust for proper phase matching, i.e. Δk = 0. The different frequency dependencies of the refractive indices expressed through the group velocities v 1 and v 2 are limiting the phase matching bandwidth by spectral filtering with the sinc 2 -function. In the time domain the fundamental and SHG pulses separate upon propagation causing a pulse broadening of the latter. Interestingly this pulse broadening does not affect the time bandwidth product in the case of Fourier limited fundamental pulses. Another pulse broadening effect shows up for larger conversion efficiencies that go beyond the quadratic approximation of Eq. (1) . In this case the second harmonic saturates during the peak of the incoming pulse [24] . With no intensity dependent phases these effects do not introduce a chirp. Obtaining essentially chirp free pulses is important for the two photon excitation rate as discussed above.
At the first doubling stage the temporal walk-off of the 820 nm and 410 nm pulses in our 10 mm LBO crystal amounts to 1.1 ps corresponding to a phase matching bandwidth of 0.88 THz defined at the points where the argument of the sinc function in Eq. 1 varies between ±π. In addition, due to the large single pass conversion efficiency, some saturation broadening is expected. To verify that these effects go along with a corresponding spectral narrowing, the spectrum at 410 nm was measured with an optical spectrum analyzer and found to posses a nearly sech 2 shape with a width of Δν 2ω = 0.32 THz. The pulse duration was then measured by cross correlating the 410 nm pulses with the pulses from the laser by difference frequency generation in a 2.5 mm BBO crystal. Within this crystal the temporal walk-off between the 820 nm and the 410 nm pulses amounts to 0.45 ps with the crossing angle limiting the in-teraction length to slightly shorter distances. This corresponds to a temporal broadening of the observed cross correlation by 0.315 × 0.45 ps = 0.14 ps assuming the sech 2 pulse shape is maintained. The duration of the cross correlation can then be calculated from the relation τ DF ≈ (τ p ω + τ p 2ω + (0.14 ps) p ) (1/p) = 1.9 ps, with p = 1.615 [25] to τ 2ω = 1.1 ps. The generated 410 nm pulses are somewhat shorter than the seed pulses albeit not by a factor of 1.45 as expected for a perfect frequency doubler with infinite phase matching bandwidth. The small deviation of the time bandwidth product from the Fourier limit (0.35 rather than 0.315) may be attributed to alignment dependent properties of the laser pulses that causes the initial pulse duration to vary.
In the second doubling cavity the temporal walk-off between the 410 nm and 205 nm pulses is much larger. After the crystal length of L = 5 mm they separate by 6.5 ps, so we expect a pulse broadening by approximately 0.315 × 6.5 ps = 2.1 ps if all pulse shapes are again assumed to maintain their sech 2 envelope. This GVM corresponds to a phase matching bandwidth of 0.15 THz at 410 nm. The resulting spectral bandwidth at 205 nm is determined with a monochromator (Jobin Yvon, HR640) to δ ν 4ω = 0.14 THz resulting in a Fourier limited pulse duration of 2.2 ps. The actual pulse duration is determined by cross correlating the 205 nm pulses with those at 820 nm. In this case however an even thinner BBO crystal of 0.1 mm thickness was used so that temporal walk-off in the cross correlation can be neglected. Assuming τ ω τ 4ω we determine the pulse duration to be τ 4ω = 2.4 ps giving rise to a time bandwidth product of 0.34. This is close enough to the Fourier limit that it seems safe to assume un-chirped pulses at 205 nm. Figure 2 displays the cross correlations and spectra while Table 1 summarizes the average powers, pulse durations and spectral widths and time bandwidth products (TBP) for all three wavelengths. As mentioned above, the maximum power in the deep UV was 70 mW achieved with a 5 mm long BBO crystal. Stability wise we observe several phenomena that prevents the use of the full power for a longer time: Within seconds after locking the second doubling cavity the power drops to about 10 %. Lowering the temperature and/or adjusting the angle of the crystal this output power can be restored. This behavior suggests that heating of the crystal after locking causes a phase mismatch [6] . In addition, after this readjustment a further slower decrease of the power takes place within about 20 minutes settling at around 25 mW. Shifting the crystal transversely regains the power which then drops again within several minutes. The power decrease on the longer time scale might be attributed to the photo chemical reactions at the surface of the crystal that may be reduced under an oxygen atmosphere [6] as described above. Besides we could not observe a counter propagating wave in the cavity, which would indicate photo refractivity. The observed time scales for the power decrease strongly depend on the crystal dimensions. For short crystals of 1 mm and 2 mm length and aperture of 5 × 5 mm 2 cooling is less efficient resulting in reduced stability.
Our Monte Carlo simulations show that a tightly focused beam at 205 nm of 25 mW should generate a 1S − 3S excitation rate of 10 −9 per atom in a thermal beam of 6K. However high resolution would require to work with a larger focus in order to reduce time of flight broadening. For this reason we are planning to use a third enhancement cavity at 205 nm which should produce a detectable signal. In the future we might optimize the crystal dimensions for lengths and improved thermal contact in order to gain higher UV power with better long term stability. In addition longer pulses might be more efficient for our application, since direct comb spectroscopy is largely independent of pulse duration. Using longer pulses the whole spectrum can be frequency doubled without restrictions due to the phase matching bandwidth, as it is the case for the 1.1 ps pulses at 410 nm.
Conclusion
In summary we demonstrated an all solid state deep-UV laser operating at 205 nm suitable for driving the 1S − 3S 2-photon resonance in atomic hydrogen. Starting with an 82 MHz ps laser with 1.6 W at 820 nm a maximum output power of 70 mW at 205 nm is achieved by two resonant second harmonic generation stages with an overall efficiency of 4.5 %. Cross correlation measurements revealed temporal pulse broadening but the corresponding spectral narrowing suggests that essentially un-chirped 2.4 ps pulses at 205 nm are generated.
